Purified recombinant viral replicases are useful for studying the mechanism of viral RNA replication in vitro. In this work, we obtained a highly active template-dependent replicase complex for Cucumber necrosis tombusvirus (CNV), which is a plus-stranded RNA virus, from Saccharomyces cerevisiae. The recombinant CNV replicase showed properties similar to those of the plant-derived CNV replicase (P. D. Nagy and J. Pogany, Virology 276:279-288, 2000), including the ability (i) to initiate cRNA synthesis de novo on both plus-and minus-stranded templates, (ii) to generate replicase products that are shorter than full length by internal initiation, and (iii) to perform primer extension from the 3 end of the template. We also found that isolation of functional replicase required the coexpression of the CNV p92 RNA-dependent RNA polymerase and the auxiliary p33 protein in yeast. Moreover, coexpression of a viral RNA template with the replicase proteins in yeast increased the activity of the purified CNV replicase by 40-fold, suggesting that the viral RNA might promote the assembly of the replicase complex and/or that the RNA increases the stability of the replicase. In summary, this paper reports the first purified recombinant tombusvirus replicase showing high activity and template dependence, a finding that will greatly facilitate future studies on RNA replication in vitro.
Plus-stranded RNA viruses, which constitute the largest group among plant and animal viruses, replicate in infected cells by using the viral replicase complex. The replicase complex consists of virus-coded proteins, such as the RNA-dependent RNA polymerase (RdRp), auxiliary proteins, and possibly host-derived proteins, and the RNA template (1, 4, 5, 20, 27) . To study the mechanism of viral RNA replication, functional replicases are purified from virus-infected hosts (3, 10, 12, 16, 23, 26, 38, 41, 42, 53, 55) or from heterologous systems, including Escherichia coli (17, 19, 21, 24, 44, 45) , yeast (40) , insect (22, 24, 58) , Xenopus (13) , and mammalian cells (14, 24) . The advantage of the heterologous systems is that expression of the replicase proteins can be achieved without dependence on virus replication, thus facilitating mutational analysis of the replicase genes. These studies have established that the RdRp of several viruses, including Turnip crinkle virus, Tobacco etch virus, Bamboo mosaic virus, Hepatitis C virus, Bovine viral diarrhea virus (17, 19-22, 44, 45) , etc., are active when expressed without other virus-coded auxiliary proteins. On the contrary, RdRps for several other viruses, such as Brome mosaic virus (BMV) and Alfalfa mosaic virus (AMV), required the presence of several factors, such as the RdRp, a viral auxiliary protein, and the viral RNA, in order to be functional in vitro (40, 54) . In summary, viral replicase systems, which are very useful to dissect the protein (trans-acting) and RNA (cis-acting) factors that control virus replication, have been developed only for a limited number of plus-stranded RNA viruses.
Tombusviruses are small plus-stranded viruses that belong to supergroup 2 viruses, such as hepatitis C virus, Flaviviruses, and Pestiviruses, based on the similarity among their RdRp sequences (25, 50) . The genome of tombusviruses codes for five genes involved in replication (termed p33 and p92; Fig. 1 ), cell-to-cell movement (p22), encapsidation (p41), and suppression of gene silencing (p19; Fig. 1A ) (reviewed in reference 50). The two overlapping replicase genes are essential for replication of the genomic RNA (gRNA) in plant cells (28, 34, 52) . While the p92 has the RdRp signature motifs in its unique C terminus, the function(s) of p33 is presently unknown. Mutagenesis of the RNA-binding site (an arginine-proline-rich motif, termed RPR motif [43] ) in p33 was found to affect gRNA replication (34) , subgenomic RNA (sgRNA) synthesis, and RNA recombination (35) , suggesting that p33 is a multifunctional protein. Similar mutations within the RPR motif in p92 also affected RNA replication, suggesting that the overlapping (prereadthrough) domain in p92 is essential for its function in infected cells (34) .
Tombusviruses are popular model viruses to study virus replication due to the presence of small defective interfering (DI) RNAs, which are deletion derivatives of the viral gRNA (Fig.  1A) . These DI RNAs do not code for essential genes, allowing for convenient testing of the role of essential and/or regulatory cis-acting elements, such as promoters (15, 32, 33) , replication enhancers (29, 31, 47) , and a replication silencer (39) . Another advantage of tombusviruses is the availability of yeast as a model host to study replication of DI RNAs in vivo (30, 36) .
Efficient assays based on partially purified RdRp have been developed for Tomato bushy stunt virus (TBSV) and Cucumber necrosis virus (CNV), which were obtained from infected plants (23) . These preparations were then used to confirm the role of cis-acting sequences and structures in TBSV DI RNA replication and recombination in vitro (8, 29, (31) (32) (33) 39) . The disad-vantage of the above preparations is that replication of tombusvirus is necessary to obtain enough RdRp activity for biochemical characterization. Therefore, development of a heterologous system to express and purify highly active recombinant tombusvirus replicase would be useful to define the role of the replication proteins and RNA templates in replication. To obtain such a system in this study, we used yeast cells, which coexpressed p33 and p92, as well as the DI RNA template from plasmids. Characterization of the obtained CNV replicase preparation from yeast revealed that it had properties similar to those of the plant-derived preparation. The yeast-derived preparation was capable of de novo initiation on exogenous plus-and minus-stranded DI RNA templates. In addition, we found that the generation of highly active replicase in yeast required the coexpression of a DI RNA template together with the essential p33 and p92 replicase proteins. Overall, the development of the recombinant CNV replicase assay will be of great help in defining the role of virus-and possibly hostderived proteins and the RNA template in tombusvirus replication.
MATERIALS AND METHODS
Construction of expression plasmids in yeast cells. To express the CNV p92 gene with an N-terminal 6ϫ His tag, we generated pGAD-His92 (Fig. 1B) . This was done by the following steps. (i) We eliminated the HindIII site in pGADT7 (position 2280; BD Biosciences) by partial digestion with HindIII, blunted the ends with Klenow polymerase, and performed religation. This modification yielded pGAD(HϪ) vector. (ii) The CNV p92 gene was amplified by PCR using primers #424 (5Ј-CGACGGATCCGATACCATCAAGAGGATGCTGTG) and #952 (5Ј-CCCGCTCGAGTCATGCTACGGCGGAGTCAAGGA) from p92Y, in which the stop codon of the p33 gene was replaced with a tyrosine codon (28, 52) . The obtained 2.5-kb PCR fragment was digested with BamHI and XhoI. (iii) In addition, we generated the 116-bp HindIII-BamHI fragment encoding a 6ϫ His tag at the 5Ј end (the actual sequence is 5Ј-AAGCTTACCAT GGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACT GGTGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAG GTACCCGGATCC) from the pYES2/NT-C vector (Invitrogen). (iv) Finally, the 2.5-kb and 116-bp fragments were cloned simultaneously into HindIII-XhoIdigested pGAD(HϪ) vector to generate pGAD-His92.
For the construction of pGBK-His33 (Fig. 1B) to express the CNV p33 gene with an N-terminal 6ϫ His tag, we gel isolated the 1.5-kb HindIII (position 6544)-HindIII (position 738) fragment from HindIII-digested pGBKT7 (BD Biosciences). The CNV p33 sequence was amplified with PCR using primers #424 and #992B (5Ј-GAGCTGCAGCTATTTCACACCAAGGGA). The obtained 0.9-kb PCR fragment was digested with BamHI and PstI and was gel isolated. In addition, the 116-bp HindIII-BamHI fragment encoding a 6ϫ His tag fragment was obtained as described above. The generated 1.5-kb, 0.9-kb, and 116-bp fragments were ligated together, followed by reamplification of the ligated product with PCR using primers #953 (5Ј-GATCCTTTTGTTGTTTCCG GGTGTACAATA) and #992B. The obtained PCR product was digested with Bsp1407I and PstI and was inserted into Bsp1407I-and PstI-digested pGBKT7 vector.
To modify the original RNA transcription vector (30) that produced yDI-72 RNA with a ϳ120-nucleotide 5Ј leader, which is a plasmid-borne nonviral sequence, we constructed a new expression vector based on the high-copy-number pYES2/NT-A plasmid carrying a URA3-selectable marker (Invitrogen) and the GAL1 promoter. First, pYC2/CT (Invitrogen), which was originally used to express yDI-72 RNA in yeast (30) , was modified to remove most of the plasmidborne leader sequence, leaving only 4 bp between the start site of transcription and a HindIII site in pYC2/CTm. This was done with primers #1080 (5Ј-CAG GCAAGCGATCCGTCCGCCGGCGAACGT) and #1145 (5Ј-CCCGAAGCT TACTTTTATTACATTTGAATAAGAAGTAAT) in a PCR in the presence of pYC2/CT template. The obtained PCR product was digested with NaeI and HindIII enzymes, gel purified, and ligated into pYC2/CT between NaeI (position 4479) and HindIII (position 501) sites, resulting in the pYC2/CTm plasmid. After the above modification of the expression vector, we inserted DI-72 sequence in order to facilitate the expression of plus-and minus-stranded DI-72 RNA. This was made by a two-step PCR. First, we used primers #542 (5Ј-GC CCGAAGCTTGGAAATTCTCCAGGATTTC) and #157 (5Ј-GGGCTGCAT TTCTGCAATGTTCC) for plus-stranded DI-72 and primers #719 (5Ј-GCCCG AAGCTTGGGCTGCATTTCTGCAATGTTC) and #20 (5Ј-GGAAATTCTC CAGGATTTCTC) for minus-stranded DI-72 in the presence of DI-72SXP template (56) . The obtained PCR products were separately gel isolated and ligated with gel-isolated PCR products that included the ribozyme sequence from the minus-stranded satellite of Tobacco ringspot virus (6, 7) , which was obtained with primers #1067 (5Ј-AGTCCTGTTTCTTGCCAAACAGAGAAG GGCACCAGAGAAA) and #1068 (5Ј-GGTAATATACCACAACGTGTGTT-TCTCTGGTGCCCTTCTC). The ligation products were PCR amplified with primers #542 and #1069 (5Ј-CCGGTCGAGCTCTACCAGGTAATATACCA CAACGTGTGT) for plus-stranded DI-72 and with primers #719 and #1069 for minus-stranded DI-72. The obtained PCR products were digested with HindIII and SacI enzymes, gel isolated, and ligated into the similarly treated pYC2/CTm plasmid. Finally, to transfer the cloned plus-and minus-stranded DI-72 sequences to the high-copy plasmid pYES2/NT-A, we treated the above plasmids with NgoMIV and EcoRI and then inserted the gel-isolated fragments into NgoMIV and EcoRI-treated pYES2/NT-A plasmid. The obtained plasmids were termed pYES-DI-72(ϩ)Rz (Fig. 1B) and pYES-DI-72(Ϫ)Rz.
Yeast transformation and growth. Saccharomyces cerevisiae strain INVSc1 (Invitrogen) was used in these studies (30) . The yeast cells were cotransformed with all three plasmids [i.e., pGAD-His92, pGBK-His33, and pYES-DI-72(ϩ)Rz] by the LiAc-single-stranded DNA-polyethylene glycol method (30) . In control experiments, we replaced one of the three plasmids with the original plasmid lacking viral sequences. After transformation, yeast cells were plated on selective SC medium without uracil, leucine, and tryptophan (SC-ULT Ϫ ). For CNV replicase studies, yeast was grown in SC-ULT Ϫ medium containing 2% galactose for 24 h at 30°C. The cultures were then diluted 10-fold with fresh SC-ULT Ϫ medium with 2% galactose and grown under the same conditions until an optical density at 600 nm of 0.6 to 0.7 (approximately 24 h). Yeast cells were then harvested by centrifugation at 1,100 ϫ g for 5 min, followed by washing the pellet with 20 mM Tris-HCl, pH 8.0, and centrifugation (same as described above). The pelleted cells were resuspended in a small amount (ϳ1 to 2 ml) of fresh buffer (20 mM Tris-HCl, pH 8.0) and aliquoted, followed by centrifugation at 21,000 ϫ g for 1 min and storage of the pellet at Ϫ80°C until further use.
For obtaining the enriched membrane fraction, yeast was grown at 30°C in SC-ULT Ϫ with 2% glucose for 24 h, followed by dilution to an optical density at 600 nm of 0.1 in SC-ULT Ϫ with 2% galactose. After further incubation at 23°C, yeast samples were taken at the time points described in the legend to Fig. 2 .
Purification of the CNV replicase from S. cerevisiae cells coexpressing the replicase proteins and DI RNA. Frozen yeast cells were homogenized in liquid nitrogen by grinding in a mortar, followed by transferring the obtained powder to a tube containing the extraction buffer (200 mM sorbitol, 50 mM Tris-HCl [pH 7.5], 15 mM MgCl 2 , 10 mM KCl, 10 mM ␤-mercaptoethanol, yeast protease inhibitor mix; Sigma), which was applied in 10-fold excess over the (fresh weight) yeast cells. Unbroken cells were removed by centrifugation at 100 ϫ g for 1.5 min at 4°C. Supernatant was then transferred to a new tube, and the enriched membrane fraction was pelleted via centrifugation at 21,000 ϫ g for 15 min at 4°C. The obtained fraction was considered enriched membrane fraction, which was resuspended in the extraction buffer and used in the in vitro replicase reactions as described below.
To further purify the CNV replicase preparation, the enriched membrane fraction was resuspended in the extraction buffer containing 1.2 M NaCl, followed by gentle rotation for 20 min at 4°C and centrifugation at 21,000 ϫ g for 15 min at 4°C. The obtained pellet was resuspended in the extraction buffer containing 1% Triton X-100 and 5% SB3-10 (caprylyl sulfobetaine) (Sigma) by gentle rotation for 1 h at 4°C, followed by centrifugation at 21,000 ϫ g for 15 min at 4°C. The obtained supernatant was considered the solubilized membrane fraction. This preparation was tested in the in vitro replicase assay as described below.
To prepare the samples for the His tag-based metal affinity purification, we solubilized the enriched membrane fraction in the solubilization buffer (extraction buffer plus 1% Triton X-100, 5% SB3-10, and 0.5 M KCl) as described above. After centrifugation, the supernatant was applied to a column containing ProBond resin (Invitrogen) equilibrated with the solubilization buffer. The column was then rotated for 1 h, followed by washing with two column volumes of the solubilization buffer, washing with the extraction buffer containing 1% Triton X-100 and 5% SB3-10, and then a second wash with the extraction buffer containing 1% Triton-100, 5% SB3-10, and 2 mM imidazole. The recombinant proteins were recovered from the column in the extraction buffer containing 150 mM imidazole, 1% SB3-10, and 0.1% Triton X-100 in a two-step elution (each in a half-column volume). The purity of the obtained recombinant proteincontaining preparations was tested by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (51, 57) , while the amount of the recombinant proteins in various samples was compared by using Western blotting with monoclonal anti-His tag antibody (Amersham).
In vitro CNV replicase assay. To test the activity of various preparations, we performed two types of assays. One tested the endogenous template activity present within the CNV replicase preparation, whereas the other assay examined the ability of the CNV replicase preparation to accept exogenous templates. The only difference between the two assays is whether extra templates were added to the reaction mixture or not.
We used 0.5 g of RNA templates for the CNV replicase reactions. The reaction mixtures contained either 25 l of recombinant or 25 l of plant-derived CNV replicase as described previously (23) . The RdRp products were phenolchloroform extracted and analyzed under denaturing conditions (i.e., 5% PAGE containing 8 M urea) (23) .
Preparation of protoplast membrane fraction for in vitro RdRp assay. Nicotiana benthamiana protoplasts were prepared and electroporated as described previously (34) . The enriched membrane fraction and the solubilized membrane fraction were prepared from pelleted protoplast cells by using a method described earlier (23) .
Preparation of RNA transcripts. RNA transcripts for the replicase assays and protoplast experiments were prepared by standard in vitro T7 transcription reaction with various DNA templates as described previously (34) . The DNA templates used in this work were prepared as described previously (30, 32, 33) . Following the T7 RNA polymerase reaction, the RNA transcripts were isolated from 1% agarose gel for the RNA blot, followed by phenol-chloroform extraction and precipitation in 95% ethanol. The RNA transcripts were dissolved in water.
Total RNA extraction from yeast cells and RNA blot analysis. To extract total RNA from yeast, equal volumes of buffer (50 mM sodium acetate [pH 5.2], 10 mM EDTA, 1% SDS) and water-saturated phenol were added to the pelleted cells (30) . Samples were vortexed, incubated for 4 min at 65°C, and then incubated for 2 min on ice and centrifuged at 21,000 ϫ g for 5 min at room temperature. Total RNA was precipitated from the aqueous phase by adding 3 volumes of 95% ethanol with 0.1 volume of 3 M sodium acetate, pH 5.2, and was washed with 70% ethanol. RNA was dissolved in Tris-EDTA buffer and formamide (in 1:1 ratio). Total yeast RNA samples were heated for 5 min at 85°C, electrophoresed in 1% agarose gels, and transferred to Hybond XL membrane (Amersham). In vitro-made RNA transcripts, following 5 min of preincubation with formamide at 85°C, were pipetted to the Hybond XL membrane and cross-linked with UV (Bio-Rad). Hybridization was done with ULTRAhyb solution (Ambion) at 68°C according to the supplier's instructions. The 32 P-labeled replicase products were used as probes for hybridization.
Western blot. Aliquots of replicase proteins purified from yeast cells by using nickel-chelating affinity columns were mixed in 1:1 ratios with SDS-PAGE sample loading buffer (51), heated for 5 min at 85°C, electrophoresed in SDS-8% PAGE gels, and electrotransferred to a polyvinylidene difluoride membrane (Bio-Rad). Nonspecific binding sites on the membranes were blocked with 5% nonfat dry milk solution in Tris-buffered saline (TBS) buffer (51) 0.1% Tween 20 (TTBS), and the membranes were washed three times with TTBS buffer and incubated with monoclonal anti-His antibodies (Amersham) for 1 h at room temperature. Following three 10-min washes with TTBS buffer, membranes were incubated for 1 h at room temperature with secondary alkaline phosphatase-conjugated antibody (Sigma). After three washes of membranes with TTBS, protein bands were developed by using 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium (Sigma).
RESULTS
Comparison of CNV replicase activity of the enriched membrane fraction obtained from yeast and plant protoplasts. To facilitate the detection and purification of CNV replicase proteins from yeast, we modified the yeast expression system described earlier (30) . Briefly, we added an N-terminal 6ϫ His tag to both the p33 and p92 proteins, which were expressed constitutively from high-copy-number plasmids (Fig. 1B) . Coexpression of the p33 and p92 proteins together with the DI-72 RNA replicon, which is obtained from the galactose-inducible GAL1 promoter (Fig. 1B) , results in robust DI-72 RNA replication in yeast cells. The presence of His tags in p33 and p92 does not appear to inhibit DI-72 RNA replication, because the amount of DI-72 plus strand can reach rRNA levels in yeast similar to those in plant cells (see below).
Enriched membrane preparations were obtained from yeast coexpressing p33, p92, and DI-72 as described in Materials and Methods. Briefly, yeast was grown on selective medium in the presence of galactose for 12 to 30 h (in a time course experiment; Fig. 2 ), followed by disruption of cells and differential centrifugation to obtain the crude, enriched membrane fraction. For comparison we used N. benthamiana protoplasts electroporated with CNV gRNA transcripts (note that we did not use DI RNA template here because the super-competitive DI-72 RNA would reduce gCNV replication, thus resulting in reduced amount of replicase in plant cells), followed by harvesting of cells at various time points (Fig. 2A) . The enriched membrane preparations were then obtained from the CNV gRNA-transfected protoplasts by using a method described previously (23) . Subsequently, the obtained enriched membrane preparations from yeast and from plant protoplasts were tested in the presence of four ribonucleotides, including 32 Plabeled UTP. Under these conditions the CNV replicase complex is expected to complete RNA synthesis on the endogenous templates (i.e., the viral RNA that was copurified with the replicase), which are part of the actively synthesizing replicase complex in cells. Because the replicase products became 32 Plabeled during the in vitro reaction, they were analyzed in denaturing gels ( Fig. 2A and B) . These experiments demonstrated that both the yeast-and plant protoplast-derived CNV replicase complexes synthesized 32 P-labeled products, which were either DI-72 RNA-sized (in yeast; Fig. 2A ) or gRNA-, sgRNA1-, and sgRNA2-sized (in plant protoplast; Fig. 2A ). The amounts of these products increased over time in both hosts, suggesting that more replicase complexes were formed in the cells during longer incubation times. Accordingly, the amount of p33 increased continuously during incubation up to 24 h in N. benthamiana protoplasts (data not shown).
To test the nature of the in vitro-synthesized replicase products, we recovered the 32 P-labeled RNAs after the in vitro replicase reaction and used them as probes in RNA blotting. We applied the same amounts of denatured plus-and minusstranded DI-72 RNA for yeast samples and CNV gRNA for protoplast samples as target RNAs, which were fixed on nylon membranes (Fig. 2C) . After hybridization of the membranes with the 32 P-labeled RNAs obtained from the in vitro replicase reactions, we measured the ratio of plus-versus minus-strandspecific signals on the RNA blots by using a phosphorimager (23) . These experiments demonstrated that the enriched membrane preparations containing the CNV replicase from both yeast and plant protoplasts synthesized more minus-stranded than plus-stranded RNAs at the early time point, while the synthesis was gradually shifted toward plus strands at later time points (Fig. 2D, left panel) . This finding was expected based on detection of more abundant plus strands than minus-strands in plant protoplasts at late time points (47) . Interestingly, we observed new minus-strand synthesis by the CNV replicase even at late time points in both preparations (Fig. 2D, right  panel) , suggesting that the minus-strand synthesis had not been shut down in order to favor plus-strand synthesis (see Discussion).
Solubilized CNV replicase preparation from yeast is capable of using exogenous templates in vitro. The CNV replicase present in either the crude yeast extract or the enriched membrane fraction was unable to utilize an exogenous template (i.e., template added for the in vitro reaction) (Fig. 3A) . The exogenous template was RI/III(Ϫ), which contains minusstranded sequence of region I and region III of DI-72 (Fig.  1A) . RI/III(Ϫ) was chosen because (i) it is a very efficient template {it includes both the cPR promoter and the RIII(Ϫ) replication enhancer [29] } in vitro, (ii) it gives smaller replicase products than the endogenous DI-72 template, and (iii) it generates various replicase products (due to de novo initiation from the 3Ј-terminal promoter and from internal promoterlike sequences or primer extension; see the more detailed description below), which is useful for comparing replicase products obtained with the previously characterized CNV replicase preparation obtained from N. benthamiana. In order to efficiently solubilize the CNV replicase from the enriched yeast membrane preparation, we tried various detergents and their combinations at different concentrations (data not shown). We found that after treatment with 1% Triton X-100-5% SB3-10, the replicase complex remained active because it could synthesize 32 P-labeled RNA product by using the endogenous template (Fig. 3A, lane 9 , and data not shown). The same preparation, however, was also capable of cRNA synthesis on added (exogenous) template as well (Fig. 3A, lane 9) . In summary, we conclude that the solubilized preparation contains a highly active CNV replicase that can be programmed by added templates.
Affinity-based purification of CNV replicase from yeast. To purify the recombinant CNV replicase from the solubilized preparation, we utilized the engineered 6ϫ His tag present at the N termini of p33 and p92 for nickel-chelating affinity purification as described in Materials and Methods. We found that the obtained purified CNV replicase preparation showed high polymerase activity (Fig. 3A, lane 10) . Characterization of the replicase product by PAGE analysis revealed that the recombinant CNV replicase was able to synthesize cRNA on added RI/III(Ϫ) template in the presence of ribonucleotides and 32 P-labeled UTP (Fig. 3A, lane 10 ). An analysis of the CNV replicase preparations via silver-stained SDS-PAGE re- We next wanted to know if the properties of the affinitypurified recombinant CNV replicase were comparable to those of the partially purified CNV replicase (RdRp) preparation obtained from infected N. benthamiana plants (23) . First, we tested plus-and minus-stranded DI-73 RNA templates in vitro. DI-73 RNA contains the same sequence as DI-72 (Fig. 1A) , plus a 167-nucleotide-long sequence between RIII and RIV, which is missing in DI-72 RNA (56) . Importantly, the larger size of DI-73 compared to that of DI-72 allowed us to distinguish between the added exogenous DI-73 RNA and the copurified endogenous DI-72 templates after the in vitro reaction. We found that the yeast-derived purified recombinant and the plant-derived CNV replicase produced comparable products with DI-73(ϩ) and DI-73(Ϫ) templates (Fig. 4, lanes  1 to 4) . For example, both preparations used the minusstranded template more efficiently than the plus-stranded DI-73. In addition, both replicase preparations synthesized three different types of RNA products on DI-73(Ϫ), such as (i) template-sized cRNA obtained by de novo initiation from the 3Ј-terminal promoter, (ii) several products that were shorter than the template, due to de novo initiation at internal positions (resembling promoter-like sequences [33] ), and (iii) a product that was longer than the template, which was the result of primer extension from the 3Ј end of the template (selfpriming reaction). All of these in vitro replicase products were characterized in detail before, based on the plant-derived preparation (23, 32, 33) .
Additional templates tested with the purified recombinant CNV replicase were the CNV-derived DI-42, the related Turnip crinkle virus (TCV)-associated satD and satC (53) , the Q␤-phage-associated satellite RNA (termed MDV [2] ), and the nonviral yeast tRNA (Fig. 4) . All these viruses belong to supergroup 2, although TCV and CNV are more closely related (they belong to the Tombusviridae family) than Q␤ bacteriophage. The recombinant and the plant-derived CNV replicases were found to use DI-42(Ϫ) (lanes 15 and 16) and satC(Ϫ) (lanes 11 and 12) templates efficiently, while DI-42(ϩ) (lanes 13 and 14) , satC(ϩ) (lanes 9 and 10), satD(ϩ) (lanes 5 and 6), and satD(Ϫ) (lanes 7 and 8) RNAs were less efficient templates in vitro (Fig. 4) . In contrast, MDV(Ϫ) (lanes 17 and 18) and the yeast tRNA (lanes 23 and 24) were not recognized by the CNV replicase as templates (Fig. 4) . Overall the template specificities of the recombinant and the plant-derived CNV replicases were very similar.
To test if the recombinant CNV replicase can properly recognize TBSV-and CNV-derived cis-acting sequences, such as minus-or plus-strand initiation promoters, we used constructs MDV(Ϫ)/gPR and MDV(Ϫ)/cPR, which carried either the gPR promoter (i.e., the minimal minus-strand initiation sequence in TBSV and CNV [32, 33] ) or the cPR promoter (i.e., the minimal plus-strand initiation sequence [32] ) in addition to the MDV(Ϫ) sequences at the 5Ј end. Analysis of the in vitro replicase products revealed that the recombinant CNV replicase, similar to the plant-derived preparation, recognized these minimal promoter sequences correctly and efficiently (Fig. 4,  lanes 19 to 22) .
Isolation of highly active CNV replicase complex requires coexpression of template RNA in yeast. To take advantage of the heterologous CNV replicase system, we coexpressed various combinations of p33, p92, and DI-72 RNA in yeast, followed by testing the replicase activity of the affinity-purified preparations in the presence of an added RNA template [RI/ III(Ϫ)] as shown in Fig. 5 . These experiments demonstrated that neither p33 nor p92, when expressed separately in yeast, had detectable levels of replicase activity in vitro (Fig. 5, lanes  1 and 2) . Coexpression of p33 and p92 in the same yeast cells, however, resulted in detectable, albeit very low, levels of replicase activity on the added template in vitro (Fig. 5, lane 3) . The observed polymerase activity seems to come from the affinity-purified CNV replicase, because it was capable of producing full-length products which were single-strand specific and RNase resistant (data not shown), and these products were similar to those observed with the plant-derived CNV replicase preparation (Fig. 3A, lane 11) . Coexpression of p33, p92, and DI-72(ϩ) RNA in the same yeast cells, however, led to the isolation of a CNV replicase preparation with the highest activity as shown in Fig. 5 (lane 5) . These observations suggest that the RNA template significantly stimulates (ϳ40-fold increase) the formation of stable CNV replicase complex in vivo (see Discussion). In contrast, coexpression of DI-72(Ϫ) template with p33 and p92 resulted in basal levels of CNV replicase activity (Fig. 5, lane 4) , suggesting that the minus-stranded RNA cannot stimulate the formation of the CNV replicase in vivo. Western blot analysis of p33 and the less abundant p92 in the purified replicase preparations revealed that the protein levels were comparable in the active (Fig. 5C, lane 5) , less active (lanes 3 to 4), and inactive preparations (lanes 1 to 2), suggesting that there is no correlation between the amount of the individual replicase proteins and the activity of the purified CNV replicase in vitro.
To examine if active CNV replicase can be assembled in vitro from separately expressed components, we used three types of mix-and-match experiments. In one type we mixed (in 1:1 ratio) two separate enriched membrane fractions obtained from two yeast strains, which coexpressed p92/DI-72(ϩ) RNA and p33/DI-72(ϩ) RNA separately prior to the replicase assay (Fig. 6, lane 3) . We did not observe endogenous ( 32 P-labeled) DI-72 RNA product in this mix-and-match assay, in contrast to the high-template activity obtained with similar extracts derived from yeast coexpressing p33/p92/DI-72 RNA (Fig. 6, lane  1) . The second type of assay included the mixture of purified p33 and p92 components (expressed separately in two yeast strains) and exogenous RI/III(Ϫ) template obtained by in vitro transcription. Again, we did not observe detectable levels of replicase activity in this in vitro mix-and-match experiment (Fig. 6, lane 6) . The control experiment, which included affinity-purified preparations obtained from yeast coexpressing p33/p92/DI-72 RNA, resulted in 32 P-labeled products from the endogenous and exogenous templates (Fig. 6, lane 10) .
Because it is possible that we might have lost one or more host-derived components from the CNV replicase during purification, thus resulting in inactive replicase in the above mixand-match experiment, we also used nonpurified solubilized membrane fractions for in vitro studies (Fig. 6, lanes 11 to 17) . However, mixing (prior to the replicase assay) solubilized membrane fractions obtained from two separate yeast strains which coexpressed either p92/DI-72(ϩ) or p33/DI-72(ϩ) in 1:1 (Fig. 6, lane 14) or 1:4 ratios (Fig. 6, lane 15) , respectively, did not give the predicted 32 P-labeled products in the in vitro assays. Based on these mix-and-match experiments with (i) the enriched membrane fractions, (ii) the solubilized membrane fractions, or (iii) the affinity-purified replicase proteins and RNA transcripts, we conclude that the in vitro conditions used did not favor the assembly of functional CNV replicase complex. This result is in contrast with those from the in vivo conditions in yeast coexpressing p33/p92/DI-72(ϩ) RNA, which gave functional CNV replicase. Future studies will be devised to test if cellular membranes or host factors, which might be missing in the above preparations, are needed for the assembly of the CNV replicase complex.
DISCUSSION
TBSV and CNV replicases obtained from infected plants have been used extensively to characterize viral RNA elements that affect plus-and minus-strand synthesis, including promoter (initiation) elements (32, 33) , replication enhancers (29, 31), a replication silencer element (39) , and template-switching in vitro (8, 9) . These elements and processes are important for replication and recombination (including DI RNA formation) of tombusvirus. Despite the usefulness of the above-described plant-derived CNV replicase preparations in providing in vitro data that complement the wealth of in vivo data on tombusvirus (11, 15, 37, (46) (47) (48) , there is one major drawback in obtaining such preparations: the production of the replicase proteins depends on virus replication. Therefore, the effect of detrimental mutations within the viral RNA or the replicase proteins on replication is difficult to study in the plant-derived in vitro CNV replicase assay. The development of a heterologous expression system for the CNV replicase genes in yeast should, however, circumvent this problem. This is because the recombinant replicase proteins are produced from expression plasmids in yeast even in the absence of viral replication (Fig. 5C) . Accordingly, we succeeded in purifying active CNV replicase complex from yeast in the absence of replicating CNV gRNA (Fig. 5A ). This recombinant preparation will complement the traditional plant-based and the newly developed protoplastbased ( Fig. 2) CNV replicase assays.
Comparison of the recombinant CNV replicase from yeast and the partially purified CNV replicase preparation from plants revealed that both were capable of cRNA synthesis on added templates. We observed three different types of replicase initiation when minus-stranded DI-73 RNA was used as a template: (i) full-length cRNA product (via de novo initiation from the 3Ј-terminal cPR promoter [32] ); (ii) internal initiation from promoter-like sequences (also via de novo initiation (33); and (iii) primer-based initiation (self-priming from the 3Ј end) of cRNA synthesis (9) . In contrast to the minus-stranded templates, the plus-stranded DI-73 RNA was used inefficiently by both replicase preparations (Fig. 4) . Thus, in spite of (i) the different expression strategies for p33 and p92 in plants (CNV infection based) and in yeast (plasmid based), (ii) the different purification methods (i.e., affinity-based purification from yeast and purification via chromatography from plants), and (iii) the different N-terminal sequences in p33 and p92 (i.e., wild-type p33/p92 in the plant-expressed preparations and His-tagged p33/p92 in the yeast-expressed preparations), the properties of the purified recombinant CNV replicase preparations and the plant-derived preparations are comparable under the in vitro conditions used.
The results shown in this work confirm that the functional CNV replicase complex contains both p33 and p92 replicase proteins (Fig. 5) . This has been predicted earlier based on data obtained from biochemical and genetic experiments (23, 28, 34, 52) . However, it is somewhat surprising that the purified recombinant p92 was not a functional polymerase (RdRp) in vitro when expressed alone in yeast (Fig. 5) . This is because p92 contains the same sequence as p33 in its N-terminal overlapping (prereadthrough) domain (Fig. 1A) . Apparently, the N-terminal region in p92 cannot fulfill the function(s) provided by the free p33 in the CNV replicase complex. In contrast to the CNV p92, which requires p33 in the functional CNV replicase, the similar TCV p88 RdRp protein or its N-terminally truncated version (when purified from E. coli) are highly active polymerases in vitro in the absence of the smaller replicase protein (i.e., p28 [44] ). The reason for this difference between the CNV and TCV RdRp proteins in the requirement for the auxiliary viral protein is not presently known.
In addition to the p33 and p92 replicase proteins, the endogenous DI RNA is also an important factor in the CNV replicase complex. Although the purified CNV replicase containing p92 and p33 was active in the in vitro assay, coexpression of DI-72 RNA in the same yeast cells resulted in a CNV replicase preparation with ϳ40-fold enhanced activity (Fig.  5A) . By using Western blotting, we excluded the possibility that the increase in replicase activity is due to increased amounts of the replicase proteins in the purified preparations obtained from yeast lacking or coexpressing DI-72 RNA (Fig.  5D ). We also demonstrated that the enhanced CNV replicase activity requires the plus-stranded DI-72 RNA, while the minus-stranded DI-72 failed to achieve the same effect (Fig. 5) . Based on these observations, we propose that the role of the plus-stranded RNA template is to promote the assembly of the functional replicase in cells by possibly providing an assembly platform. A similar model on the nontemplate role of the RNA has also been proposed for the BMV and the AMV replicases, which are related to each other but are only very distantly related to the CNV replicase (40, 54) . A seemingly important difference between the BMV and AMV replicases versus the CNV replicase is that the latter is functional, albeit at a low level, in the absence of the RNA template (Fig. 5) .
Although the coexpression of DI-72 RNA is important for isolation of highly active CNV replicase from yeast, we found that, after purification of the replicase complex, the template RNA can be removed partially without the loss of or large reduction in the activity of the CNV replicase (based on exogenous templates; Fig. 4 and data not shown). This suggests that the CNV replicase, once it has been formed in cells, is a stable complex even in the absence (or in the presence of a minute amount) of DI-72 RNA.
The actual role(s) of the RNA template during the assembly of the CNV replicase complex or during other processes, such as recruitment of replicase proteins to the membranous structures (the proposed sites of tombusvirus replication [36, 49] ), is presently unknown. Our effort to assemble the CNV replicase in vitro from either purified components (p33/p92 and DI-72 RNA) or by mixing enriched or solubilized membrane fractions failed to yield functional preparation (Fig. 6) . It is possible that our in vitro preparations lacked host factors and/or particular membrane surface, which might be essential for the assembly of the functional CNV replicase complex in vivo.
Time-course experiments (Fig. 2) revealed that the CNV replicase present in the enriched membrane fractions obtained from yeast and N. benthamiana protoplasts synthesized both plus-and minus-stranded products in vitro. As expected, the CNV replicase synthesized more plus-stranded products at the late time points than at the early time point (Fig. 2D, left  panel) . However, we also observed new minus-strand synthesis taking place even at the late time points in the enriched membrane preparations obtained from yeast and plant protoplasts. Based on this observation, we propose that the CNV replicase is involved in minus-strand synthesis during the entire replication process; thus, there is no shut down of minus-strand synthesis in cells, a process that would favor plus-strand synthesis at the late time points, as suggested for the unrelated Tobacco mosaic virus (18) . Our observation seems to be valid for both the yeast-based infection-independent and the protoplastbased infection-dependent systems (Fig. 2C) . We interpret these results to mean that new CNV replicase complexes, which first synthesize minus-stranded RNA products, are continuously being formed in yeast cells and in plant protoplasts, even at the late time points. In agreement with this model, the amounts of plus-and minus-stranded TBSV (47) and CNV RNAs (data not shown), both gRNA and DI RNA, increase continuously over 24 to 30 h of infection in cucumber and N. benthamiana protoplasts. Also, we found that the amount of p33 increases over time (up to 24 h) in plant protoplasts (data not shown), which suggests continuous production of p33, and possibly p92, replicase protein in these cells.
The above-described model is based on the assumption that the obtained CNV replicase preparations can only complete RNA synthesis on the endogenous templates. Thus, the new 32 P-labeled in vitro replicase products would only consist of the complementary strands of the copurified RNAs. However, it is also possible that the CNV replicase present in the enriched membrane fraction can perform sequential plus-and minusstrand synthesis from the endogenous templates. This complete in vitro replication would result in new 32 P-labeled replicase products consisting of both strands, even if the copurified RNA consisted of one strand. Although we cannot exclude this model at this time, we do not have any evidence supporting complete replication in our CNV replicase assays (based on either endogenous or exogenous templates). Future experiments will address this possibility.
In summary, in this work we have developed three new in vitro assays with the recombinant CNV replicase. One assay is based on obtaining an enriched-membrane fraction, the second on solubilized membrane preparation, and the third on affinity-purified replicase preparation, which will be useful to further study the mechanism of tombusvirus replication and recombination. In addition, we have demonstrated that the CNV replicase complex contains both p33 and p92 replicase proteins. Also, the activity of the CNV replicase obtained from yeast is greatly enhanced by coexpression of the DI-72(ϩ) strand, suggesting that the viral RNA plays a role in assembly of the CNV replicase.
